Since the first reported traffic jam about a century ago, traffic congestion has been intensively studied with various methods ranging from macroscopic to microscopic viewpoint. However, due to the population growth and fast civilization, traffic congestion has become significantly worse not only leading to economic losses, but also causes environment damages. Without understanding of jams spatio-temporal propagation behavior in a city, it is impossible to develop efficient mitigation strategies to control and improve city traffic. Although some progress has been made in recent studies based on available traffic data regarding general features of traffic, the understanding of the spatio-temporal propagation of traffic jams in urban traffic is still unclear. Here we study the spatio-temporal propagation behavior of traffic jams based on collected empirical traffic data in big cities. We developed a method to identify influential jam centers and find that jams spread radially from multiple jam centers with a range of velocities. Our findings may help to predict and even control the traffic jam propagation, which could be helpful for the development of future autonomous driving technology and intelligent transportation system.
Introduction
The frequency and intensity of traffic jam have been increasing in recent years worldwide concern due to high impact on the economy and pollution [1] [2] [3] [4] . Although the earliest research about traffic management started in the 1930s [5] , modern cities from all over the world suffer from growing traffic congestion. Records show that in 471 U.S. urban areas, traffic jams caused 6.9 billion vehicle-hours of delay in 2014, which is almost three times from 1982. Moreover, traffic congestion results in 3.1 billion gallons of wasted fuel and for a loss of $160 billion [6] . Besides, environmental pollution caused by traffic congestion becomes an increasingly serious health problem.
Approximately one-third of fine particulate matter (PM2.5) in urban areas in the U.S.
results from vehicles [7, 8] . The frequent acceleration and braking during traffic jams exacerbate the air pollution. A recent study by Harvard School of Public Health suggests that the air pollution from traffic congestion in the 83 largest urban areas of the U.S. contributes to more than 2,200 premature deaths annually [9] . Studies of traffic jams and their propagation have been performed since 1950s. A bottleneck in a traffic network is considered as a source of a traffic jam [10] . Initially congestion occurred in a bottleneck, and from there, the traffic jam may propagate to its surroundings. Therefore, identification of traffic jam centers that propagate is essential prerequisite for understanding the propagation behavior. In simulations and empirical studies, the bottleneck is usually identified according to the macroscopic physical quantities such as traffic flow [11] , velocity [12] and occupancy rate [13] , combining with models considering the microcosmic characteristic of traffic flow and the topology of traffic network [14] . Recently, evolving critical bottlenecks in real-time data of city road traffic have been identified in real traffic by characterizing the organization process of traffic as "traffic percolation" [15] .
To better understand the traffic congestion mechanism, we analyze here the spatio-temporal propagation pattern of traffic jams in a large city. Local congestion may spread in a city traffic network, as a result of multiple factors such as routing selection [16] , driving behavior [17] , road capacities [18, 19] and even weather effects [20, 21] .
In such a complex-open system, the propagation behavior of traffic jams is hard to predict and control. But in the future Internet of Vehicles, one of the critical techniques required is to calculate precisely in real time, predict effectively and avoid spatio-temporal evolution of traffic jams. This could be based on the huge amounts of traffic data, which include the location, the velocity, the routing, the status information of each vehicle and the interactive information between them. For reaching this target we wish here to understand the spatio-temporal propagation behavior of traffic jams not only in single lanes of highways but also from the perspective of a city traffic network.
Different types of traffic flow models and simulations have been proposed in an attempt to understand the propagation of traffic jams [22] [23] [24] [25] [26] . These include microscopic car-following and cellular automata models [27] [28] [29] , mesoscopic gas-kinetic-based models and macroscopic fluid mechanics models [30] [31] [32] . In parallel, some empirical studies provided realistic support for the above-mentioned models with respect to the phase transition mechanism and the phase transition points during formation and dissipation of traffic jams [33] [34] [35] [36] [37] . By analyzing the spatio-temporal statistics of density or velocity on highways, some empirical studies find that the jams move along a lane with an almost stationary structure and the estimated velocity of the moving jam's downstream front is about 15 km/h [38] [39] [40] [41] . This has been observed in cities in USA, UK and Germany. Recently, the properties of jam propagation have been studied by analyzing the spatial pattern of traffic jams and long-range correlation features of traffic jams has been found in daily city traffic with correlations decaying slowly with distance [42] . The dynamical behavior of propagation has been studied in a model based on cascading overload failures in spatially embedded traffic networks and an approximately constant propagation velocity has been found [43] . 
Results
The The statistics of flow in each road segment could help to find the hidden heterogeneity of traffic congestion and identify the critical segments during jam propagation. Here, we propose two measures to quantify (i) the congestion degree of the road via congestion frequency and (ii) congestion duration. The first is the occurrence probability of congestion (occp), which measures the fraction of road congestion during a given period of time,
Here T is the total window time and is the number of congested instants (of 1 min resolution) in this window. In Fig. 1(a) , we demonstrate and compare the changes in In order to characterize the temporal properties of traffic congestion of each road segment, we calculate duration of congestion which measures the persistent congested state. That is how long a road is trapped in the congested state after smooth traffic. Combining this autocorrelation feature with the findings about slow decay distributions of occurrence probability and congestion duration, the roads with both highest value of occp and longest congested duration are chosen to be potential jam centers that propagate in space. We assume that, for a given time window (e.g.
7:00-9:00 a.m.) the occp of the roads to be considered as jam centers is 1 or close to 1. Here we use failure rate, fr, to quantify the evolution of congestion strength at a given time.
The failure rate is defined as:
Here, ( , ) is the number of roads that become congested at time t at location rc (distance from the jam center), and ( ) is the total number of roads at rc. The failure rate, fr, measures the fraction of new congested road at current instant which is fluctuating due to the variation of traffic speed. The shades of circles in Fig. 2(b) become lighter through the decrease of with rc. The values of might be influenced by jam centers and reflect the spatio-temporal evolution of jam strength from the centers.
Thus, quantifying the effect of jam centers on their surrounding neighborhood is critical for deepening our understanding of the propagation behavior of traffic jams.
Here, for urban traffic network we study the relationship between traffic centers and the spreading based on the dependence of on distance from the center.
By calculating variation at different spatial locations around centers and different times, we find an approximate linear decay of with the increase of rc (see in Fig. 2(c)):
Here kt is the slope of ( , ) function and ct is the corresponding intercept. This 
The propagation velocity of a jam wave is an important quantity because it could help in predicting when and where the congestion effect would arrive from jam centers.
Here, it could be calculated based on the wavelength and wave period information Distributions for other time periods in Beijing and results for Shenzhen can be seen in SI. This quantity is of significance for mitigation and prediction of traffic jams because it can tell us where and when would the spreading jams be.
Conclusion
The spatio-temporal propagation behavior of traffic jam originated from jam centers in urban traffic networks has been studied. The linear decay of jam strength from identified jam centers has been found as a function of distance from a center. Based on these essential features of jam propagation, we can predict and might control jam conditions in the city traffic networks. These findings could be useful for optimizing transportation efficiency and improving traffic control strategies.
Furthermore, it might be useful for the future Intelligent Transportation System(ITS).
Methods

Data description
The dataset analyzed in the manuscript is the sampling velocity data collected by floating cars in two major cities in China, Beijing and Shenzhen. The real-time traffic data of Beijing and Shenzhen covers 14 working days in October 2015, with resolution of 1-minute segments for 24 hours during a day. Our data spans the urban area of the cities which includes the typical and general traffic congestion situations.
It covers the road network with 52,968 roads in Beijing and 22,248 roads in Shenzhen.
Data preprocessing
Due to the inevitable defect during the sampling of floating cars, there are no real-time velocity data for some roads at a specific moment. The data missing rate is about 25% overall. Therefore, we need to fill up the missing velocity data at each time in order to complete the traffic condition in the whole road network. Here, we apply a space compensation method, which regards the averaged velocity of all inflow and outflow neighboring roads of a missing data of a road as its current velocity. By an iterative process, the compensation of missing velocity data can be completed for each instant.
Another important issue is the establishment of failure/jam criterion. As we know, the road condition and capacity are diverse for different road levels. So, the failure/jam criterion should vary according to specific situations of different roads. Relative velocity ratio is taken as a measurement related to the criterion. It is the ratio between the current velocity vi(t) of road i at time t and its maximal velocity measured for the whole day. This quantify makes comparable velocities for different roads and a relative velocity threshold q then proposed to judge the state of each road.
Identification of jam centers in traffic network
As we have shown in Fig. 1 Therefore, we choose the roads with both highest value of occp and longest congested duration as potential jam centers. We assume that, for a given time window (e.g.
7:00-9:00 a.m.) the occp of the roads to be considered as jam centers is 1 or close to 1.
In fact, for 2-hour time periods the number of roads that selected as jam centers is 15
and 10 in Beijing and Shenzhen, respectively. 
